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nanotubes. The estimated degree of functionality is ca. 
moiety. Such electrochemical reduction processes can be 
Moreover, when modified with suitable chemical groups, 
matrix, allowing transfer of the properties of the nanotubes 
of the composite material as a whole. Fmthennore. when 
to form a polymfir that indodes cartion nanotubes. 



(57) Abstract: The invention incorporates 
new processes for the chemical modification of 
caibon nanotubes. Such processes involve the 
deiivatizatk>n of multi- and single-wall carbon 
nanotubes, includiiig small diameter (ca. 0.7 nm) 
single-wall car1)on nanotubes, with diazonium 
species. The method allows the chemical 
attachment of a variety of organic compounds 
to the side and ends of carbon nanotubes. 
These chemically modified nanombes have 
applications in polymer composite materials, 
molecular electronic applications and sensor 
devices. The methods of derivatization include 
electrochemical induced reactions thermally 
induced reactions (via in-situ generation of 
diazonium compounds or pre-fonned diazoninm 
compounds), and photochemically induced 
reactions. The derivatization causes significant 
changes in the spectroscopic propeities of the 
I out of every 20 to 30 carbons in a nanotube bearing a functionality 
adapted to ^ply site-selective chemical functionalization of nanotubes. 

the derivatized nanotubes are chemically compatible- with a polymer 
(such as. mechanical strength or electrical conductivity) to the properties 
modified with suitable chemical groups, the groups can be polymerized 



wo 02/060812 A2 IWIIiWlliiiiiiHilWii - 



PobUshed: For two-letter codes and other abbreviations, refer to the "Quid- 

— without international search report and to be republished once Notes on Codes and Abbreviations" c^arir^ at the begin- 
upon receipt of that report ning of each regular issue of the PCT Gazette. 



wo 02/060812 



PCTAJS02/02562 



PROCESS FOR DERIVATIZING CARBON NANOTUBES WITH DIAZONIUM SPECIES AND 

COMPOSITIONS THEREOF 

The present invention was made in connection with research pursuant to grant numbers 
NASA-JSC-NCC 9-77 from the National Aeronautics and Space Administration; grant.number NSR- 
DMR-0073046 from the National Science Foundation; and grant numt>er N00014-99-1-0406 from 
theDARPA/ONR. 

FIELD OF INVENTION 

The present invention relates broadly to carbon nanotubes. More specifically, the invention 
relates to derivattzation of cart}on nanotubes with diazonium compounds and to uses for the 
derivatized carbon nanotubes. 

BACKGROUND OF THE INVENTION 

Fullerenes are closed-cage molecules composed entirely of sp^-hybridized carbons, arranged 
in hexagons and pentagons. Fullerenes (ag., Ceo) were first identified as closed spheroidal cages 
produced by condensation from vaporized carbon. Fullerene tubes are produced In carton deposits 
on the cathode in carbon arc methods of producing spheroidal fullersnes from vaporized carbon. 
Ebbeseri etal. (Ebbesen I). "Large-Scale Synthesis Of Carbon Nanotubes," Nature, Vol. 358, p. 220 
(July 16, 1992} and Ebbesen et sL, (Ebbesen II). ''Carbon Nanotubes," Annual Review of Materials 
Science, Vol. 24, p. 235 (1994). Such tubes are referred to herein as carbon nanotubes. Many of 
the carbon nanotubes made by these processes were multi-wall nanotubes, /.e., the carbon 
nanotubes resembled concentric cylinders. Carbon nanotubes having up to seven walls have been 
described in the prior art Ebbesen II; lijima et el, ^'Helical Microtubules Of Graphitic Carbon.* 
Wafa/e, Vol. 354, p. 56 (November 7, 1991). 

Since 1991, there has been a great deal of interest in derivatization of carbon nanotubes, and 
more, particularly, single-wall cart)on nanotubes, to fedlitate their manipulation, to enhance the 
solubility of such nanotubes, and to make the nanotubes more amenable to composite formation. 
This is because single-wall carbon nanotubes are one of the more striking discoveries in the 
chemistry and materials genre in recent years. Nanotubes posses tremmdous strength, an extreme 
aspect ratio, and are excellent themial and electrical conductors. A plethora of potential applicattons 
for nanotubes have been hypothesized, and some progress is being made towards comnnercial 
applications. Accordingly, chemical modifteatlon of single-wall carbon nanotubes. as well as multi- 
wall carbon nanotubes, will be necessary for some applications. For instance, such applications 
may require grafting of moieties to the nanotubes: to aUow assernbly of modified nanotubes, such as 
single-wall cartxm nanotubes. onto surfaces for electronics appHcattons; to altow rBactk>n with host 
matrices in composites; and to alk>w the presence of a variety of fiinctionai groups bpund to the 
nanotuties, such as single*^ll carix>n nanotubes, for sensing appiteations. 

While there have been nr^any reports and review articles on the production and physical 
properties of carbon nanotubes, reports on chemk:al manipulation of nanotubes have been slow to 
emerge. There have been reports of functionalizing nanotube ends with carboxylic groups (Rao, et 
at. Chem. Commun., 1996,1525-1526; Wong, et al.. Nature, 1998, 394:52-55), and then further 
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manipulation to tether them to gold particles via thiol linkages (Liu. et a/.. Science, 1998. 
280:1253-1256). Haddon and co->workers (Chen, ef a/.. Science, 1998, 282:95-98) have reported 
solvating single-wall carbon nanotubes by adding octadecylamine groups on the ends of the tubes 
and then adding dichlorocarbenes to the nanotube sWewall, albeit in relatively low quantities (-2%). 
5 Success at covalent sidewall derlvatlzatlon of single-wall carbon nanotubes has been Rmlted 

In scope, and the reactivtty of the sidewalls has been compared to the reactivity of the basal plane of 
graphite. Alhara. J. J. Rhys. Chem. 1994. 98, 9773-9776. A viable route to direct sidewall 
functionalization of single-wall carbon nanotubes has been fluorination at elevated temperatures, 
which process was disclosed in a co-pending application commonly assigned to the assignee of the 
10 Application, United States Patent Application Serial No. 09/810,390, "Chemical Derivatization Of 
Single-Wall Carbon Nanotubes To Facilitate Solvation Thereof; And Use Of DerivaHzed Nanotubes 
To Fomi Catalyst-Containing Seed Materials For Use In Making Carbon Fibers," to Margraves ef a/., 
filed March 16, 2001 These fUnctlonalized nanotubes may either be de-fluorinated by treatment 
with hydrazine or allowed to react with strong nucleophiles, such as alkyllithium reagents. Although 
15 fluorinated nanotubes may well provide access to a variety of fiinctionalized materials, the two-step 
protocol and functional group intolerance to organoWhium reagents may render such processes 
incompatible with certain, ultimate uses of the carbon nanotubes. Other attempts at sidewall 
modification have been hampered by the presence of significant graphitic or amorphous carbon 
contaminants. Chen, Y. eta/., J. Mater Res. 1998 13, 2423-2431. 
20 It would thus be desirable to develop a direct approach to high degrees of funcHonalization of 

nanotubes that would be accommodating (/.a a one step approach and one that is compatible witfi 
certain, ultimate uses of the nanotubes). Such uses include applications to utilize Vf\e ti^mendous 
strength, extreme aspect ratios, and excellent tfiemial and electrical conductive properties of ttie 
nanotubes. 

25 Accordingly, it Is art object of this invention to provide a niettiod for dertvatiajng carbon 

nanotubes, especially tiie sidewalls and end-caps of single-wall carbon nanotubes, utilizing 
chemistries ttrat are direct, accommodating, and compatible wtth the ultimate uses and applications 
of tiie nanotubes. 

SUMMARY OF THE INVENTION 

30 The Invention incorporates new processes for the chemical modification of cartoon nanotubes. 

Such processes involve ttie derivatization of multi- and single-wall carbon nanotubes, including 
small diameter (ca. 0.7 nm) single-wall carixm nanotubes, wfth diazonium species. The mettwd 
allows tiie chemical attachment of a variety of organic compounds to the side and ends of carbon 
nanotubes. These chemically modified nanotubes have applications in polymer composites. 

35 molecular electronic applications, and sensor devices. The methods of d^ivatization include 
eiectrxxjhemical induced reactions, tiiermalty Induced reactions (via in-situ generation of diazonium 
compounds or via prefomned diazonium compounds), and photochemically induced reactions. The 
derivatization causes significant changes in ttie spectroscopic properties of the nanotubes. The 
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estimated degree of functionalrty is ca. 1 out of every 20 to 30 carbons in a nanotube bearing a 
functionality moiety. 

Tiie electrochemical induced processes inducfe procedures utilizing an assembly of 
nanotubes, such as a piece of "buclcy paper* or mat, which can be held with a silver paste covered 
alligator dip and Immersed in an acetonitrile solution of a diazonium salt and a supporting electrolyte 
salt, while applying a potential (typically a negative potentiaO to the assembly of nanotubes. By 
such a process, a molecular wire (such as an o!igo(phenytene ethynylene) molecular wire) and also 
a molecular electronic device have been covalently attached to a nanotube. This represents the 
maniage of wire-like nanotubes with molecular wires and molecular electronic devices. 

Such electrochemical processes can be adapted to apply site-selective chemical 
functionalization of nanotubes. Moreover, it allows for &ie controlled attachment of two or more 
different chemical functionalities to different locations on the nanotubes. 

The thenfnaliy Induced processes indude procedures in which a dispersion of carbon 
nanotubes in an organic solvent mixture is treated with a precursor to a reactive diazonium species. 
This precursor Is then transformed irhsitu to the reactive species, and Its thermal decomposition 
leads to chemical attachment to the carbon nanotubes. It is believed that such a process has the 
advantage of scalability and avoids the necessity of isolating and storing potentially unstable 
diazonium compounds, /.e., the spedes that reacts with the carbon nanotubes. 

■Moreover, the thermal induced processes also include procedures utilizing preformed 
diazonium spedes. The reactive spiedes can be prepared befor^and, isolated, and added to the 
mixture. Additional variations indude variations in the temperature of the process (ambient 
temperature and higher and lower temperatures), rafio of reactants, and a variety of organic 
solvents. 

The photochemical induced processes are similar to the thermal induced reaction except that 
a photochemical process (not a themiai process) is utilized to cause the decomposition the 
diazonium spedes that leads to the chemical attachment of the moieties to the cari3on nanotubes. . 

When modified with suitable chemical groups, the nanotubes are chemically compatible with 
a polymer matrix, allowing transfer of the properties of the nanotubes (such as mechanical strength) 
to the properties of the composite material as a whole. To achieve this, the modified carbon 
nanotubes can be thoroughly mixed (physically blended) with the polymeric material, and/or, if 
desired, allowed to react at ambient or elevated temperature. These methods can be utilized to 
append functionalities to the nanotubes that will further covalently bond to the host polymer matrix, 
or directly between two tubes themselves. 

There are a multitude of variations in the chemical structure of the pdymer matrix, Le., 
polyethylene, various epoxy resins, polypropylene, polycarbonate etc. in general, possible 
composite materials could be made with chemically modified nanotubes and thenDoplastics, 
thermosets, elastomers, and others. There is also a host of variations possible in the chemical 
groups that can be atteched to the nanotubes. The spedfic group will be chosen to enhance 
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compatibility with the particular polymer matrix desired and, if desired, to cause chemical bonding to 
the host material 

Furthermore, when modified with suitable chemical groups, the nanotubes can be used as a 
generator of polymer growth. I.e., the nanotubes would be derivatized with a functional group that 
could be an active part of a polymerization process, which would also result in a composite material 
In which the cart)on nanotubes are chemically involved. 

BRIEF DESCRIPTION OF THE DRAWINGS 
FIGURE 1 shows the structure of certain aryl diazonium salts used to derivatize single-wall 
carbon nanotubes. 

FIGURE 2 shows the sch^ne utiltzed to prepare Compounds 9 and 11 as reflected in Rgure = 

1. 

FIGURE 3 shows the absorption spectra in dlmethylformamide for (A) SWNT-p and (B) 
SWNT-1. 

FIGURE 4 shows the absorption spectra m dlmethyifomfiamide for (A) SWNT-p and (B) 
SWNT-8. 

FIGURE 5 shows the Raman spectra from solid samples, with exdtation at 782 nm, for (A) 
SWNTH)and(B)SWNT-1. 

RGURE 6 shows the Raman spectra In the radial breathing mode region for (A) SWNT-4 and 
(B) SWNT-p. 

FIGURE 7 shows the Infrared spectra (attenuated total reflectance) of derivatized nanotubes 
for (A) SWNT-4 and (B) SWNT-6. 

FIGURE 8 shows the thermogravimetric analysis data in argon for SWNT-10. 

FIGURE 9 shows the Raman spectra for (A) SWNT-p. (B) SWNT-2, and (C) SWNT.2 after 

TGA. 

RGURE 10 shows the high-resoluaon TEM images for (A) SWNT-p and (B) SWNT-4. The 
scale bar applies to both images. 

FIGURE 1 1 shows electrochemical grafting of an aryl diazonium salt onto a cart)on surface. 

FIGURE 12 shows the reaction sequence for derivatization of single-wall cartwn nanotubes by 
ifh^ generation of the diazonium species, and examples of functionafized phenyl moieties 
employed in reactions. 

FIGURE 13 shows the absorption spectra in dimethyifonmamide for (A) SWNT-p end (B) 18. 
The spectra for 16, 17, and 19 are similar, with little or no visible structure. The spectrum of the 
material from the sequence to produce 20 was essentially equivalent to that shown for SWNT-p. 

HGURE 14 shows the . Rannan spectra from solid samples, with excitation at 782 nm. for (A) 
SWNT-p and (B) 17. The Raman spectra of 16, 18. and 19 are similar, but with differing ratios of 
the peak intensities. In ail these cases, the relative intensity of the disorder mode is increased. The 
spectrum of the material finom the sequence to produce 20 was essentially equivalent to that shown 
forSWNT-p. 
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FIGURE 15 shows the reaction sequence for photochemical derivatization of a single-wall 
carbon nanotube. 

FIGURE 16 shows an example of the portions comprising an epoxy resin. 

FIGURE 17 shows examples of nanotubes that are chemically modified with groups 
compatible with the curing agent portion, and reactive with the epoxy portion of a thenriosetUng 
re«n. 

FIGURE 18 shows a schematic depiction of carix>n nanotube containing composite material 
where the fireehand lines represent the polymer matrix that is cross-linked by the chemically 
modified carison nanotubes. creating a thermosetting composite material. 

FIGURE 19 shows a depiction of chemically modified carbon nanotubes cross-linked via 
disulfide linkages. 

RGURE 20 shows the preparation of nanotubes chemteally modified with thiophenoi nruMeties. 

R6URE 21 shows the preparation of carbon nanotubes chemically modified with pendant 
* epoxy groups that are compatible virtth the epoxy portion of a resin and reactive with the curing agent 
portion of a thennosetting resin, as reflected in FIGURE 16. 

FIGURE 22 shows an example of a composite material based on poly{methylmethacrylate) 
and chemically modified carbon nanotubes, based on a hydrogen bonding motif (indicated by the 
dashed lines). 

FIGURE 23 shows an example of chemically modified nanotubes being used in a 
polymerizatton process to grow the polymer from the nanotubes. 

DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 
Electrochemical Dertvatlzatlon of Carbon Nanotubes with Dlazonlumi Species 

Aryl diazonium salts are known to react with electron deficient olefins, known as the Meerwein 
reaction, Obushak. M. D., et al., TetL Lett. 1998, 39, 9567^9570. In such solution phase reactions, 
diazonium salt decomposition is typteally catelyzed by a metel salt such as copper(l) chloride, giving 
a reactive aryl radteal. In some cases, the reaction is believed to proceed through an aryl cation. 
This type of chemistry has been successfully applied to the modificatton of caribon surfaces via 
grafting of eleclrochemically reduced aryl diazonium salts. Deiamar, M., et aL, Carbon 1997, 35, 
801^07; Allongue, P.. et aL, J. Am Chem. Soc. 1997. 119. 201-207; Orfiz, B.. a/.. J. Bectro. 
Chem. 1998, 455, 76-81; Saby, C. etaL. Langmuir^QBT, 13, 6805-6813; Deiamar, M, etaL J. Am, 
Chem. Soc. 1992, 114, 5883-5884. Reduction may give an aryl radical that covaiently attaches to 
the carbon surface. This technique has been applied to both highly ordered pyrolitic graphite 
(HOPG) and glassy carbon (GC) eledrodes. 

Methylene chloride and acetonitrile were distilled from cateium hydride. DimethyKbrmamkle 
was distilled and stored over molecular sieves. Tetrahydrofuran was distaied from 
sodlum/benzophenone ketyl. All other reagents were obtained commercialiy and used without 
further purificatk)n. 

Carbon Nanotubes. A method for producing small diameter (ca. 0.7 nm) single^ll carbon 
nanotubes has been devetoped by Smalley, etal. Nikotaev, P., etal., Chem. Phys. Lett 1999, 313, 



91-97. This method is disclosed in a co-pending application commonly assigned to the assignee of 
the AppOcation, United States Patent Application Serial No, 09/830,642 "Gas-Phase Nudeation and 
Growth of Single-Wall CartK)n Nanotubes from High Pressure CO," to Smalley et a/,, filed April 27, 
2001, which is incorpoiated herein by reference. This material is now commercially available 
(Cari)on Nanotechnologies Ina, HiPco materiaO. As the diameter of these nanotubes is 
approximately the same as that of Ceo. these nanotubes are understood to display enhanced 
reactivity relative to the larger diameter tubes typically produced by laser oven methods, since the 
reactivity of has been attributed in part to curvature strain. While the present invention is also 
pertinent to multi-wall carix>n nanotubes and larger diameter single-wall carbon nanotubes, these 
small diameter nanotubes were primarily utilized during the examples demonstrating the present 
process. A variety of diazonium satts have been used, including those that provide moieties 
conducive to further elaboration after attachment of the nanotubes. Also, an ofigo (phenylene 
ethynylene) molecular device similar to the one that has been shown to exhibit memory and room 
temperature negative resistance (Chen. J. et aL, App. Phys. Lett 2000. 77, 1224-1226) has been 
attached to the nanotubes. 

The following examples, as well as, the other examples described herein, are .presented to 
further illustrate the Invention and, are not to be construed as unduly flmiting the scope of this 
invention. 

A. Examples Nos. 1-11 

For the electrochemical derivatization experiments, a piece of bucky paper, tomed by filtration 
of a suspension, was used as the wort<ing electrode in a 3-electrode cell and immersed in an 
acetonitrite solution containing the diazonium salt and an electrolyte. The diazonium salts were 
probably reduced to aryl radicals at the surface of the bucky paper, and subsequently become 
covalently attached to the nanotubes. The conductivity of single-wail cart)on nanotubes has been 
well documented. In general, aryl diazonium satts are easily prepared under condittons that Merate 
a variety of functional groups. Consequentiy. the method described herein allows ftjnctionalizatton 
of nanotubes with a wkie variety of diazonium salts, including those that provide chemical handles 
for additional elaboration after attachment to nanotubes. 

The purified single-wall nanotubes (hereafter, SWNT-p) used in this investigation contained 
little amorphous or other extraneous cartoon contaminants. The purification technique for the 
nanotubes is discussed in more d^l below. The fact flie SWNT-p contained litUe amorphous or 
other extraneous cart>on contaminante is significant, as the presence of such material may have 
hindered the ability to detennine whettier previous d^lvatizafion efforts were successful. (VVhile flte 
lack of impurities was an issue in tiie initial demonstrations respecting the operability of the 
reactions, it should be noted ttiat tiiese reactions will work on raw, impurified multi- and single^l 
cart>on nanotubes, Lb. the reactions will work even in the absence of a purification process.) In 
addition, tiie residual iron content (catalyst ftx>m tt)e gas^hase growtti technique) was <1 atomic% 
by electron mlcroprobe analysis (EMPA) (ca. 0.3 atomk: %). The diazonium sails used to derivafize 
SWNT-p aro shown in F^ure 1. Compounds 1-7 and 11 were prepared from the corresponding 

6 
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aniline derivatVes by known methods {Kosynkin, D.; Tour, J. M. Org. Lett. 2000). using nitrosonium 
tetrafluoroborate as the dlazotlzation reagent Compound 8 was prepared using the process 
reported In Kosynkin, D., et aL, Org. Lett. 2001, 3, 993-995. Compound 9 and 10 were prepared 
according to scheme reflected in Rgure 2. Characterization of these compounds is further 
discussed behiw. Reaction of these compounds with SWNT-p generated SWNT*x, where x - 1^ 
and 11-12, respectively. 

The small diameter singi&wll cart)on nanotubes used in this bivesHgation were produced by 
a gas-phase catalytic technique, using carbon monoxide as the feedstock and iron carbonyl as the 
catalyst Nikolaev, P., ef a/., Chem. Rhys. Lett 1999, 313, 91-97; United States Patent Application 
Serial No. 09/830.642. (These carbon nanotubes are now commerdaliy available; Carbon 
Nanotechnologies Inc.. HiPco material). The raw production material was purified by air oxidation at 
ISO^C for a period of 12 hours, foltowed by annealing in argon at SOO^C for 6 hcxjrs. This material 
was sonicated in concentrated hydrochloric acid (ca. 30 mg in 60 ml), filtered, washed extensively 
with water and 2-propanoi, and dried under vacuum. The purity of these sample was verified by 
SEM,TEM,andEI\/IPA. 

Bucky Paper. The use of bucky paper as a working electrode for the derivatization raises 
several unique issues. Electrical contect between the source and the bucky paper dunng the 
electrochemical process is an issue. This situation can be improved by application of colloidal silver 
paste to the alligator dip used to hokl the bucky paper. It is also believed that the success of the 
reactton is at least partialiy dependent on the quality of the bucky paper empk>yed as the woridng 
electrode. Accordingly, It was helpful to achieve a suspenston that cdntaihed lltfle or no visible 
particulate prior to filtration to forni the bucky paper. 

General procedure for dlazotlzation of aniline derivatives. A portion of nitrosonium 
tetrafluoroborate (1.2 molar equivalents) was weighed out in a glove box and sealed. After removal 
from the glove box. acetonitrile was added (3 mt/mmol of aniline), and the solution was cooled to - 
30^C. A solution of the aniline derivative (1 molar equivalent) in acetonitrae (ca 1 mL/mmol) was 
added dropwise white stirring (vkte infra). In some cases, dry methylene chtoride was used as a co- 
solvent for the aniline derivative. After oomptete addition, stirring was continued for 30 minutes, at 
whteh time the cold bath was removed. After stim'ng for a totet of 1 hour, the solution was diluted 
with a 2x volume of ether and stirred. The predpitete was collected by filtration and washed with 
ether. 

4'Bromobenzenecliazonium tetrafluorobomte (1). Yield: 86%. MP 138**C. NMR (400 
MHz, CISsCN) 5 8.22 (ABq, J = 9.1 Hz, Av = 102.1 Hz, 4H). 

4^lorobBnzenedlazonium tetmHuoroboratB (2). Yiel± 78%. MP 134''& ^H NMR (400 
MHz, CD3CN) 5 8.24 (ABq, J « 9.2 Hz, Av » 214.2 Hz, 4H}. 

4-Fluorobenzenediazon!um tetrafluoroborate (3). Yield: 79%. MP leO'^C. 'H NMR (400 
MHz, CD3CN) 5 8.64 (dd. J = 9.4 Hz, 9.5 Hz, 2H). 7.69 (dd. J = 9.4 Hz, 9.5 Hz. 2H). 

4^rt'Sutylbenzenediazonium tetrafluoroborate (4). The 44ert-butylaniline was dissolved in a 
1:1 mixture of acetonitrile and dry methylene chtoride prior to addition to the niteosonium 



tetrafluoroborate. Yield: 78%. MP m^C. IR (KBr) 3364.8, 3107.3. 2968.6, 2277.2, 1579.2, 1482.0, 
1418.0. 1373.5. 1269.8, 1056.9. 841.1, 544.6. 621.4 cm \ NMR{400 MHz, CD3CN) 5 8.16 (ABq. 
J = 9.0 Hz, Av = 298.7 Hz, 4H). 1.30 (s. 12H). "C NMR (100 MHz. CDjCN) 6 168.85, 133.67, 
130.43, 111.88. 37.86. 30.84. 

5 4-Nnrob9n2enedkaonlum tetralluombarate (5). Yield: 67%. MP 142°C. 'H NMR (400 MHz. 

CD3CN) 6 8.72 (ABq, J = 9.4 Hz, Av = 65.4 Hz, 4H). 

4-Methoxycarbonylbenzenedlazonium tetraSuoroborate (6J, Yield 80%; MP 113*'C. IR (KBr) 
3103.8. 3042.4, 2955.3. 2294.7. 2310.1, 1731.4, 1582.9. 1439.5. 1306.4. 1045.23. 953.1. 860.9. 
758.5. 666.3. 528.0 eim\ ^H NMR (400 MHz CD3CN) 5 8.51 (AB9. J=9.1 Hz. Av=77.9 Hz, 4H), 3.97 

10 . (s. 3H). 13C NMR (100 MHz, CD3CN) 165.02, 142.44, 134.12. 133.16, 1 19.77. 54.43. 

4-mradeGylbenzenedlazonlum tebanuomborate (7). The 4^t0tradecylaniline was dissolved in 
a 1:1 mixture of acetonitrile and diy meUiytene diioride prior to addition to ttte nitrosoniunn 
tetrafluoroborate. Yield: 69%. MP 82°C. IR (KBr) 3103.8, 2919.5, 2289.6, 1577.8. 1473.7. 1070.8. 
1024.8. 844.5. 813.8. 716.9. 541.0, 510 2 cm \ IR (KBr) 3103.8. 2919.5. 2289.6, 1577.8. 1473.7, 

15 1070.8, 1024.8. 844.5, 813.8. 716.9. 541 .0, 510.2 cm\ ^H NMR (400 MHz. CDCI3) 5 8.02 (ABq. J = 

8.8 Hz. Av = 370.6 Hz. 4H). 2.76 (t. J = 7.7 Hz. 2H), 1.61 (quin. J = 7.8 Hz. 2H), 1.23 (s, 22H). 0.85 
(t. J = 7.0 Hz. 3H). "C NMR (100 MHz. CDCI3) 6 159.92. 133.26, 131.94, 110.96. 37.^. 32.34, 
30.87. 30.12, 30.10. 30.07. 30.04. 29.91. 29.78. 29.75. 29.72, 23.11, 14.55. 

2-{2-(2-me»KacyeOH3xy)etboxyJ^hyli>^olmnesulfm (13). Sodium hydroxide (3.65 g. 91.3 

20 mmol) and tri(ettiylene glycoOmonomethyi ether (10.0 g. 60.9 mmol) were dissolved in a mixture of 
tetrahydrofuran and water (140 mL, 20 mL, respectively). The solution was cooled in an ice t>ath. A 
solution of toluenesulfonyi chloride (12.76 g, 67.0 mmol) in 20 mL of tetrsdiydrofuran was added 
slowly. The solution was stined at 0°C for 3 hours, then poured into 50 mL of ice VMter. The 
mixture was adracted several times with methylene chloilde. The combined or^ic layers were 

25 washed with diute HCI, then brine, and dried over magneshim sulfate. After fiitraiion. the solvent 
was removed by distillation at reduced pressure to give 16.6 g of the product (86 % yield). ^H NMR 
(400 MHz, CDCI3) 5 7.50 (ABq. J = 7.9 Hz. Av = 179 Hz, 4H), 4.09 (app t, J = 4.8 Hz, 2H), 3.61 (app 
t. J = 4.9 Hz, 2H), 3.55 to 3.62 (m, 6H), 3.47 to 3.46 (m, 2H), 3.30 (S, 3H), 2.38 (s. 3H). ^'C NMR 
(100 MHz. CDCis) 6 145.21, 133.28, 130.21. 128.28. 72.20, 71.00. 70.85. 69.69. 68.95. 68.26. 

30 59.31, 21.96. IR (neat) 3503.3, 2878.5, 1597.9. 1453.1, 1356.3, 1292.0. 1247.0. 1177.2. 1097.5. 
1019.0. 924.17. 818.0, 776.9, 664.5 an\ 

4-^-^-^wne(f>QX)^8ftQX>^etfra^^ (14). A portion of 13 (9.0 g, 28.3 mmol) 

was dissolved in 50 mL of dimettiytftKmamide. Potassium carbonate (11.75 g, 85.0 mmoi) and 4- 
n'rtrophenol (3.82 g, 27.5 mmoO were added. The solution was stirred at 80°C for 16 hours. After 

35 cooling to room temperature, the solution was poured into water and retracted tiiree times with 
methylene chloride. The combined organic layers were washed witti water, then brine, dried over 
magnesium sulfate, filtered, and ttie solvent was removed by distfliation at reduced pressure. 
Chromatography (silica, hexane:^yl acetate, 1:2) was employed to isolate ttie product (5.71 g, 73 
% yield). IR (neat) 3109.2, 3078.2, 2878.5. 1726.3, 1588.1. 1511.2, 1337.1. 1106.7. 1050.3, 932.6. 
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845.5. 753.3, 656.1 cm-\ 'H NMR (CDCI3) 5 8.07 (d. J = 9.3 Hz. 2H). 6,88 (d, J = 9.3 Hz. 2H). 4.12 
(app t. 2H). 3.79 (app t. 2H). 3.62 (m. 2H), 3.58 to 3.63 (m, 4H). 3.44 to 3.42 (m, 2 H). 3.26 (s. 3 H); 
^^C NMR (100 MHz. CDCI3) 5 164.29. 141.93, 126.24. 114.99. 72.29. 71.29. 71.03, 70.98, 69.77. 
68.60, 59.44. 

4^'[2'{2-m0UioxyeOH>xy)ethoxyJeth^}anlline (15). A portion of 14 (5.77 g, 20.2 mmd) was 
dissolved in 40 mL of acidic ettianol, and a catalytic amount of 10% palladium on cartxm was 
added. The mixture was iiydrogenated on a Pan- apparatus (60 psi, 70^C) for 3 hours. The mixture 
was then filtered over Cellte. washing with ethanol. Solid sodium bicarbonate was added, and the 
mixture was stined for 2 hours and, then filtered. The solvent was removed by distillation at reduced 
pressure, leaving a brown oil (5.0 g. 98 % yield). IR (neat) 3441.82, 3349.64. 2893.88. 2238.41. 
1634.41, 1616.36, 1449.79, 1234.71, 1101.56. 906.97, 722.62 cm'^ ^H NMR (400 MHz, CDCfe) 5 
6.65 (ABq, J = 8.7 Hz. Av = 51.6 Hz, 4H). 4.01 (t, J = 5.4 Hz, 2H), 3.77 (t. J = 4.6 Hz, 2H). 3.69 (app 
t J = 5.6 Hz. 2H), 3.65 to 3.59 (m, 4H), 3.51 (app t, J = 4.9 Hz. 2H). 3.34 (s, 3H), 3.0 (brs. 2H). ^^C 
NMR (100 MHz, CDCI3) 6 152.30. 140.58, 116.75, 116.24, 72.31, 71.14. 71.02. 70.93, 70.30, 68.49. 
59.44. 

4'{2'[2-(2-methoxyethQxy)ethoxy]ethyl}b0nzenediazonlum tetrafluoroborate (9). Compound 
15 was subjected to the procedure described above for diazotization. The product was not 
crystalHne, but rather a dartc red, sticlcy material thai was difficult to manlpulata The le^ue was 
mixed three times with ether, decanting the solvent This material was sufficiently pure by ^H NMR^ 
and was used without further purification or characterization (2.17 g, 52 % yield). NMR (400, 
MHz, acetone-de) 6 8.12 (ABq. J « 9.6 Hz. Av = 479.5 Hz. 4H), 4.53 (app t, J = 4,5 Hz, 2H). 3.92 (t, 
J = 4.4 Hz. 2H). 3.68 to 3.66 (m, 2H), 3.61 to 3.56 (m. 4H), 3.46 (t, J = 5.4 Hz. 2H). 3,27 (S. 3H). 

Compound 10. To a screw-cap tube with a magnetic stir bar was added Boc^O (17.6 g, 80.6 
mmol). 4-aminothiophenol (10.0 g. 80.6 mmol). triethylamine (13.5 mL, 9p.7 mmol), 160 mL of 
dichloromethane, and A/.Akiimethylaminopyridlne (4.92 g, 40.3 mmd). The tube was flushed with 
nitrogen, and the screw<^p was ^stalled. The solution was stirred at room temperature for 24 h. 
The solution was then washed with three 75 mL portions of water, the organic layer w^ dried over 
magnesium sulfate, tiien filtered and concentrated. The residue was chromatographed on silica 
using hexanes : ethyl acetete (1.5 : 1) as the eluant The product was isolated as a clear oil that 
crystallized on standing (16.16 g. 94 %). mp 83-86°C. IR (KBr) 3454.6. 3376.8, 2978.6. 1711.4. 
1630.1. 1597.4. 1500.0. 1384.4. 1296.0. 1201.0. 1176.3. 1125.4. 867.2, 825.2, 669.8 cm\ ^H NMR 
(200 MHz. CDCI3) 6 7.32 (d. J = 8,6 Hz. 2 H). 6.70 (d. J - 8.6 Hz, 2 H), 3.83 (brs. 1 H), 4.54 (s, 9 H). 
NMR (50 MHz, CDCb) 169.72, 148.26, 137.06, 116.33, 115.89, 85.49, 28.63. 

Compound 11. To a 500 mL round bottom flask cooled to -20 % was added 6.74 mL of 
BFaOEta (1719 mmol). To this was added a solution of 10 (3.0 g, 225.3 mmd) dissolved fri 30 mL of 
THF, over a period of 10 min. To this was added a solution of f-butylnltrite (5.59 mL, 103.12 mmoO 
In 20 mL of THF. The solution was stirred and allowed to wami to 0 ®C over 40 min. at which time 
400 mL of cold ^er was added. The precipitate was collected by filtration, to obtain 4.14 g (96 %) 

9 



Of ttie desired product. NMR (400 MHz. CD3CN) 5 8.52 (d. J = 9.1 Hz, 2 H), 8.0 (d, J = 9.1 Hz, 2 
H).1.64(s.9H). 

4'hydmxycarbonylphenyldiazonlum tBtrafluoroborate (12). This compound was prepared 
according to the general procedure {vide supra).Sulfblane was used as a co-solvent for the 4- 
amlnol)enzolc add. Yield: 60 %. IR (KBr) 3247.9, 3105.3, 2305.5. 1732.6, 1416.1. 1386.5. 1300.1, 
1232.8, 1093.1. 996.1. 906.9. 872.0, cm\ NMR (400 MHz. CD3CN) 5 8.64 (d, J = 9.0 Hz, 2 H). 
8.44(d, J = 9.0Hz,2H). 

General procedure for electrochemical derlvatizatlon of SWNT-i>. The apparatus used for 
the electrochemical derivatizatlon experiments was a 3-electrode cell, with Ag/AgNO^ reference 
electrode and piafinum wire counter electrode. A piece of bucky paper (1-2 mg) served as the 
working electrode. The bucky paper was prepared by filtratton of a 1,2-dtehlorobenzene suspension 
over a 0.2 |iM PTFE (47 mm, Sartorius) membrane. After drying under vacuum, the paper was 
peeled off the membrane, and a piece was excised for use in the derivatization. The bucky paper 
was held with an alligator dip. previously treated with coltoidal silver paste (Ted Pella, Inc.). and 
Immersed In an acetonitrile solution of the diazonium salt (0.5 mM for SWNT-1-SWNT-7 and SWNT- 
9; 0.01 M for SWNT-8) and tetra-/^butylammonium tetrafluoroborate (0.05 M). Care was taken not 
to immerse the alligator dip Itself. A potential of -1.0 V was applied for a period of 30 min. Care 
was taken for the exduston of light, and nitrogen was bubbled through the solutton during the 
experiment After readton, the portion of the bucky paper that was not immersed in the solution was 
excteed, and the remainder was soaked in acetonitrile for 24 hours, then washed with acetonitrfle, 
chloroform, and ethanol. After drying, this material was sonicated In acetonitrile for 20 minutes, 
filtered, and washed again with acetonitrile. 2-propano!, and chloroform. The reaction products were 
dried under vacuum at room temperature prior to charaderizatton. Control experiments virfthout a- 
diazonium salt confimi that such conditions do not affed the nanotubes. as verified by UVArts/NIR, 
Raman, and TGA. 

Other salts and parameters. A great variety of aryl diazonium salts for nxxUfication can be 
utilized in the process of the Inventton. Additionally, parameters such as added potential, the 
duration of the applied potential, the solvent, and the supporting electrolyte can be varied. 
FurthenTK>re, alkyi, alkenyl and alkynyl additions could be used for the process of the invention. 

B. Characterization 

Scanning electron microscopy (SEM) experiments were perfionned on a PhUlips ESEM XL-30, 
at an accelerating voltage of 50,000 V. This instniment was equipped with an EDAX detector. 
Samples for TEM imaging were drop dried firom THF onto a 200 mesh lacey cariEion grid on a copper 
support The accelerating voltage yims 100 K.V. Raman spectra were colleded on a Renishaw 
Ramascope, on solid samples, with excitation at 782 nm. UVA/is/NIR absorption spectra were 
colleded on a Shimadzu UVPC-3101, in double beam mode, with solvent reference. FT-IR spectra 
were collected using an attenuated total reflectance (ATR) accessory. TGA data were colleded in 
argon, on a TA Instruments SDT-2960, AFM experiments were peribnned In tapping mode on a 
Digital Multi-mode SPIM, Samples for these experiments were dispersed by sonteation and spin 
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coated on a freshly cleaved mica substrate. EMPA experiments were performed on a Cameca SX* 
50. The instrument was calibrated, and data were taken from several different points on each 
sample. The average of these points is reported below. NMR data were collected on a Bruker 
Avance 400. Chemical shifts are reported in ppm downfiekl from TMS, and referenced to solvent 
5 Melting pointe are not corrected. 

Electronic Structure and Optical Properties. The electronic structure and optteal properties 
of single-wall carbon nanotubes have been well Investigated. Liang. W. Z., et aL, J. Am, Chem, 
Soc. 2000. 122. 11129-11137; Jost, O.. et al„ App, Rhys, Lett, 1999. 75, 2217-2219; Wu. J., etaL, 
App, Phys. Lett. 2000. 77. 2554-2556. The UVA/IS/NIR absorption spectrum of SWNT-p and 

10 SWNT-1 is shown in Figure 3. The features (van Hove bands) in the spectrum of SWNT-p are due 
to singularities in the density of states (DOS), and. in this spectral region, are attributed to the band 
gap transitions in semkxMiducting nanotubes. The width of these features is due to the overlap of 
features from tubes of different diam^rs and chiral indices. These transittons are no longer visible 
for 8WNT-1, and the spectrum is essentially featureless. The absorption spectra of SyVNT-2 - 

15 SWNT-7 and SWNT-1 1 - SWNT-1 2 are similar, with no apparent features. The spectra of SWNT-8 
(Figure 4) and SWNT-9 retained some visible features, but these were significantly reduced relative 
to SWNT-p. The toss of structure in the absorption spectra Is indrcative of significant electronic 
perturbation of the nanotubes and disruption of the extended tt networic This effect is most 
consistent with covalent functtonallzation rather than simple adsorption to nanotube walls or end 

20 caps. 

Raman Spectroscopy. Raman spectroscopy of singlsrwall carbon nanotube is also well 
developed both theoretically and e)q)erimentally. Rlchter. E., ef a/., Pftys. Rev. Lett. 1997. 79^ 2738- 
2740; Rao. A. M. ef al.. Science 1997, 275, 187-191; Li. H. D.. et a/., App. Phys. Lett. 2000. 76. 
2053-2055. The Raman spectaim of SWNT-p (Figure 5A) displays two strong bands; the radial 

25 breathing (u^ 230 cm*^) and tangential (ojt ~ 1590 cm*^) modes. The multiple peaks seen in the 
radial breathing mode are presumably due to the distribution of tube dlame^ The 
weaker band centered at ca. 1290 cm'^ (uid) is atM>uted to disorder or sp^-hybridized carbons in the 
hexagonal framework of the nanotube walls. The minor band at 850 cm'^ is also characteristic of 
these small diameter nanotubes, although its molecular origin is not certain. The spectrum of 

30 SWNT-1 (Figure 5B) is quite different Notably, the relative intensity of the disorder mode is much 
greater. This is a result of the introduction of covalently bound moieties to the nanotube framework, 
wherein significant amounts of the sp^ carbons have been converted to sp^-hybridization. The 
Raman spectra of 6ie other fUnctlonalized materials display similar modifteations, relative to SWNT- 
p. but to different degrees. The frequency of the disorder mode and the relative intensities of the 

35 three major bands are shown in Table 1. 
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Table 1 

Disorder mode frequency and intensity ratios 
Of msjor pealcs in Raman Scattering Experiments 



Compound 




lntRatio(u)r:u>d:(0|)'^ 


SWNT-p 


1291 


1.0: 0.3 :2.7 


SWNT-1 


1295 


1.0:2.2:3.3 


SWNT-2 


1294 


1.0 : 2.2 : 4.0 


SVVNT-3 


1295 


1.0:2.0:4.0 


SWNT-4 


1290 


1.0: 1.4:3.7 


SWNT-6 


1291 


1.0:1.4:3.7 


SWNT-6 


1292 


1.0:1.5:3.5 


SWNT-7 


1293 


1.0: 1.3:3.8 


SWNT-4 


1292 


1.0:0.7:3.0 


SWNT-a 


1293 


1.0:0.8:2.5 


SWNT-1 1 


1292 


1.0:0.8:2.9 


SWNT-12 


1291 


1.0:1.0:3.4 



"uv = radial breathing nnode, Wd = disorder 
mode, uh = tangential mode. ^ av intensity 
taken at 265 cm'^ other intensities tal^ at 
maxima 



While th«fe is no signrficant change in the frequency of the disorder mode, the Intensity of this 
mode inciBased relative to the intensity of the other two modes in ail cases. The intensity of the 
taigentfal mode is also Increased relative to the radial breathing mode In most cases, and the 
overall Intensity is lower In some cases, Raman spectra collected after fiinctionalization revealed 
changes In the relative intensities of the peaks within the radial breathing mode region. For 
example, the Raman spectra in this region Is shown In Figure 6 fbr SWNTh> and SWNT-4. 

Inf^rared Spectroscopy. Infrared spectroscopy (FT-IR. ATR) was also used to characterize 
some of the derivatized materials. The spectrum of SWNT'4 (Figure 7A) clearly shows significant C- 
H stretching from the tert-butyl mdety at ca. 2950 cm"\ In the spedmrn of S«»IT-6 (Figure 7B), the 
carbonyl (CO) stretch Is apparent at 1731 cm'^ (1723 cm'^ In precursor diazonium salt), along with 
minor C-H stretching modes in the 2900 cm'^ regton. 

Electron Microprobe analysis. Electron microprobe analysis (EMPA) experiments revealed 
2 J atDmlc% chlorine fbr SWNT.2 (average of four points), and 3.5 atomfc% fluorine for 8WNT-3 
(average of five points). These peroenteges correspond to estimated stoichiometries of CRocne for 
SWNT-2. and CR0.05 for SVWT^, where C Is a carbon in ttie nanctobe framework, and R Is the 
fiincttonaiizing motety. Accordingly, approximately one out of every 2(^30 cariaons In the ranotube 
bears a functional moiety. 

Thermogravlmetric Analysis. In thermogravimetric analysis (TGA) of SWNT-2 (Figure 8). a 
total weight loss of ca. 25 %, was observed on heating to 600**C under argon. After TGA of SWNT- 
2, the Raman spectmm Is restored to approxinriately that of SWNT-p, as seen in Figure .9. It is 
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believed that this restoration indicates removal of the functional moieties, leaving the nanotubes 
Intact The stoichiometry estimated from the EMPA data predicts a weight loss of ca. 25% in the 
case of such a removal. Thus, these figures are in excellent agreement The TGA and EMPA data 
for SWNT-3 are also in good agreement SWNT-p suffers a ca. 5% weight loss following the same 
temperature proflie, TGA data and estimated stoldiiometries for the remaming materials (with the 
exception of SWNT-8, which was not perfonned) are shown in Table Z 

Table 2 

Disorder mode frequency and intensity ratios 
Observed % Stochlometry 



Compound 


weight loss 


Ratio' 


SWNT-p 


5 


NA 


SWNT-1 


35 


1/25 


SWNT-2 


30 


1/27 


SWNT-3 


26 


1/20 


SWNT-4 


27 


1/34 


SWNT-5 


26 


1/31 


SWNT-6 


31 


1/28 


SWNT-7 


39 


1/36 


SWNT-8 






SWNT-9 


36 


1M0 


SWNT-11 


28 


1/44 


SWNT.12 


24 


1/32 



" Nanotube carbons bearing a fiinctionaRzed 
phenyl moiety. These values are compensated 
for weight loss at low temperatures due to solvent 
evaporation and degassing (ca. 2-4% in all cases). 

Table 2 reflects that the degree of functionality for these compounds is at least about one 
moiety to fortoy carbon atoms, and typically at least about one moiety to thirty carbon atoms. The 
estimated degree of functionality is ca. out of every 20 to 30 carbons In the nanotube bearing a 
functionality moi^. 

Scanning and Transmission Electron Microscopy. Due to InsufRcient resolution, analysis 
of the reaction products by scanning electron microscopy (SEM) did not reveal any visible evidence 
of functionalization or significant change from SWNT-p. Transmission elec^n microscopy (TEM) 
imaging of SWNT-4 revealed significant changes due to the functionalization. In images of SWNT-p 
(Figure 1QA), the nanotube walls are essentially clean and uniform, and there is no overcoating of 
graphitic carbon. Images of SWNT«4 (Figure 10B) revealed the presence of bumps on the sidewalls 
of the tubes, on the order of 2-6 A in dimension. These bumps are seen on almost all individual 
tubes and on the exterior of ropes, though the resolution is not sufficient to determine whether they 
are present on the walls of tubes buried within the ropes. These features are a result of 
functionalization. 
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Solubility. The solubility of single-wall carbon nanotubes is of significant Interest to persons 
skilled in the art of the invention^ The three solvents most applicable for the underivatized snfiall- 
dlameter nanotubes are dimethyifonnamide, chlorofonn, and 1,2-dlchlofDbenzene. SWNT-4 was 
the only material fbund to offer significantly improved solubility In organic solvenb. SWNT-4 was 
even fbund to be somewhat soluble in tstrahydrofuran (THF), as opposed to a complete lacic of 
solubility for SWNT-p in that solvent After sonlcation for about 30 minutes, the THF solution was 
fbund to contain approximately 50 mg L'^ of SWNT-4. with no visible particulate. After 36 hours, 
some visible particulate was present, but the solvent was still almost black. This dark color was 
retained for at least several weeks. Solubility in dimethyifbnmamide, chlorofomi, and 1,2- 
dichlorobenzene was also improved, vwth suspensions being fomied much more rapidly than in the 
case of SWNT-p, and higher concentrations being achievable. It is believed that this Improvement 
in solubility is probably due to the blocking effect of the bulky ter*-butyl group, which could Inhibit the 
dose contact necessary for "ropmg" of the nanotubes. 

SWNT-6 and SWNT-8 were found to be more soluble in dimethylformamide, but solubility in 
other solvents (tetrahydrofuran, toluene. 2-propanol. carbon disulfide) was not improved. SWNT-3 
was prepared in an effort to effect Improved solubility in water and other hydrogen bonding solvents. 
This functionalizatlon. however, had quite the opposite result SWNT-9 was not dispersible in water 
or water/G.2 VoTriton X. Considerable difficulty was encountered in suspending SWNT-9 in 
dhfne&iylfbrmamkle. 

Robustness. In an effort to assess the robustness of the fiincttonalization and preclude 
simple intercalatton or adsorption, SWNT-1 was subjected to a variety of conditions. This material 
was sonicated for 10 minutes at both ambient temperature and 45®C. in both chlorofomi and 1,2- 
dichlorobenzene, filtered, and re-examined spectroscopically; no discemable changes were 
observed. Additionally. SWNT-1 was sonicated in 1.2-dichk)robenzene for 10 nrinutes to disperse 
the tubes, then stirred at TS^C for 3 hours. After filtration and washing, no spedrDsoopto changes 
were observed. 

SWNT-4 was re-^mined by EMPA after additional soiilcation in acetonitrile, followed by 
filtration and washing. The fluorine content was 3.6 atomic %, as compared to 3.5 atomic % {vide 
supra), and hence vwthin experimental limits 

C. Derivatlzation Mechanism 

While not Intending to be bound by theory, It is believed that the functfonalizatfon described 
herein is likely initiated in a nnanner simitar to that shown in Rgure 11. The aiyi radical that is 
presumably generated on reduction may react with a nanofaibe, leaving an adjacent radical that may 
further react or be quenched by a sohrent or some impurity, or oxygen. The propensity of the Inidal 
aryl radteal to dimerize or abstract a hydrogen atom from the solvent is minimized by the feet that 
the radical is generated at the surfece of the nanotube where reaction is desired. It is noted that 
although the reaction may proceed through an aiyl cation, the mechanism is inelevant to the final 
product 
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Herein ties one principle advantage of utilizing an electrochemical process, as opposed to a 
solution phase method in which the diazonium salt reduction is catalyzed by copper or some other 
metal. Since the nanotubes would be present in solution at quite low concentration, the aryl radicals 
would lilcely be quenched by some other species. Dimerization of nanotubes in the present case is 
5 also unlikely, due to lade of mobility in ttte solid state. 

Thermal Perivatizatlon of Carbon Nanotubes with Diazonium Species 

Derivatization with aryl diazonium species is not limited to the electrochemically induced 
reaction. That is, both direct treatment of single-wall cart)on nanotubes with aryl diazonium 
tetrafluoroborate salts in solution, and in-situ generation of the diazonium with an alkyi nitrite are 
10 effective means of functionarization. Insitu generation of the diazonium species has advantages in 
that this weVnod can avoid the necessify of isolating and storing potentially unstable or light sensitive 
aryl diazonium species. The temperature utiiteed during the thermal reactton woukJ be at most 
about 200^0, and typically at most about BO^C. In some cases, direct treatment with pre^fonned 
" diazonium salts is observed to be effective at moderate or even room temperature, and it Is 
1 5 expected that reactions could be observed at temperafaires betow room temperature. 

A. Examples Nos. 12-17 

The nanotubes used in this investigation were again produced by a gas-phase catatytte 
process developed by Smalley et al,, and are now oommerdaliy available (Cari^on 
Nanotechnologies Ina, HiPoo material). The producfion material was purified by oxidation in wet air 

20 at 250^0 for 24 hours, then stim'ng in concentrated hydrochloric ackt at room temperature for 24 
hours. The resulting material vi^s washed with copious amounts of water, then 10% aqueous 
sodium bicarbonate, and finally with additiorial water. After drying under vacuuni, the material.was 
used for the functionalization reactions. 

The reaction sequence is depicted in Rgure 12. In a t^ical experiment, ^ 8 mg of single-wall 

25 cart)on nanotubes was sonicated ftir 10 minutes In 10 mL of 1,2-dtohk>robenzene (ODCB). To this 
suspenston was added a solutton of the aniline derivative (2.6 mmol, ca. 4 equlv/moi of carbon) in 5 
mL of acetonitrite. After transfer to a septum capped reactton tube (Ace Glass, #8648-03) and 
bubbling with nrtrogeh tor 10 min, 4.0 mmol of Isoamyl nitrite was quickly added. The septum was 
removed and replaced with a Teflon screw-cap, and tiie suspension was stined at 60°C for 

30 approximately 15 hours. Due to the system utilized. consMerable pressure was atteined in the 
vessel due to the evolved nitrogen. This was alleviated by partially unscrewing the cap for venting 
every ^30 min for the first 3 hours. 

After cooling to 45%. the suspenston was diluted with 30 mL of dlmethyifomiamkie (DMF), 
filtered over a Teflon (0.45 mM) membrane, and washed extensively with DMF. Repeated sonteation 

35 in, and furttier washing virith DMF constituted purification of the material. 

B. Characterization 

Functionalized nanotube materials 16-19 and 21 displayed significantiy altered spectroscopic 
properties, akin to ttiose reported for materials derivatized via the electrochemical mettKxJ described 
above. For example, the UV/Vis/NIR absorption spectmm of 18 (Figure 13) shows an. alrnost 
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complete loss of the van Hove singularities. This loss of structure is characteristic of the disrupted 
7r-system, and again indicates covalent modification of the nanotul)es. In the Raman spectra 
reflected in Figure 14, the overall intensity of the scattered light is lower, and the relative Intensifies 
of the three main modes are altered. 

Relative to the tengential mode at ca. 1590 cm'\ the Intensity of the radial isreathing mode 
(ca. 250 cm'^) is decreased, and the intensify of the disorder mode (1290 cm'^) is significantly 
increased. The increase in the relative intensity of the disorder mode can be attributed to an 
increased number of sp^-hybridized carbons in the nanotube framework, and can be taken as a 
crude measure of the degree of functionalization. Additionally, as previously discussed, the 
functionafized phenyl moieties attached to ttie nanotubes can be removed by heating in an argon 
atmosphere, and Vnat thermal gravim^ analysis (TGA) consequently provides a quantiteUve 
estimate of ttie degree of ftincttonalizatkxi. Upon heating 16 - 19 to BOtf^C in an argon atmosphere, 
the observed w^ht loss values were as follows, with the value previously reported for ttie same 
materials prepared via ttie electrochemical technique in parenttiesis: 16: 26% (30%), 17: 25% 
(27%), 18: 26% (31%). 19: 23% (26%) 21 (not prepared by ttie electrochemical technkiue). Material 
20 did not display similar changes In flie spectroscopte properties or signifteant mass toss in TGA, 
even though ttils moiety can be successfully attached by ttie electrochemical technique. The ester 
bearing material 18 was successfully prepared, in principle giving access to the carboxylic add 
moiety via hydrolysis. 

It is of primary interest to compare ttie degree of ftinctionalization achievable by ttie ttiennal 
process to ttiat obteined by ttie electrochemk»l processes of the present inventton. Experiment 
Nos. 13-18 were performed wltti a large excess of ttie aniline derivative, Le. sufficient. to provide the 
diazonium species in amounts equivalent to ttie amount of diazonium tetrafluoroborate salts used in 
ttie pieviously discussed reported electrochemical examples. I^ence. ttiese Examples Nos. 13-18 
are comparable in this fashion. 

For material 16, straighUbnrard comparison is available ttirough electron microprobe analysis. 
This analysis gave a value of 2.2 atomic % chlorine, reiattve to 97 atomic % carbon. SlmUar material 
prepared by ttie electrochemteal technique was analyzed to have 2.7 atomic % chtorine, relath/e to 
96 atomic % carbon (vide supmy 

The TGA date also give additk>nal insight into ttie relative efficiency of ttie ttiemial mettiod. 
For example, ttie mass loss for 19 conresponds to an estimated 1 in 37 carbons in the nanotaibes 
being funcUonalized, versus ttie 1 in 34 ratio achieved by ttie etectrochenriicai melhod. tt is believed 
ttiat ttie ttiermai technraiue Is ttien comparabte in ita effectiveness to ttie electrochemical method for 
ttie equivalent material (SWNT-S). It is believed ttiat optimization of ttie conditions could provide a 
higher degree of funcGonalizatton; The observed efficacy is suffident to significantiy after ttie 
properties of ttie single-wall carbon nanotubes, and will likely be satisfiactory for numerous 
applications, euch as cross-linlced materials and composite fonmation as discussed below. 
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The thermat reaction of the present invention vk/as found to be nearty as efficacious as the 
electrochemical process of the present invention, although, in certain respects, this thermal reaction 
is simpler to execute and more adaptable for scalability. 

It is again noted that the chemical derivatization of nanotubes can also be successfully 
5 perfomned using pre-formed dlazonium species. The diazonium species can be prepared 
beforehand, isolated, and added to the mixture. The derivatization can then be induced thentially. 
Additional variations include variations in the temperature of the process (ambient temperature and 
higher and lower temperatures), ratio of reactants, and a variety of organic solvents. 
Photochemtcat Derivatization of Caiiion Nanotubes with Dlazonium Species 

10 Example No. 18. Derivatization with aryl dlazonium species can also be induced 

photochemically. A photochemical reaction was perfomned utilizing 4-chlorobenzenediazonium 
tetrafluoroborate, which Is the same diazonium species prepared and utilized in Example No. 2. 
Thus, a suspension of SWNT-p in 1,2-dichiorobenzene was created by sbnication. To this 
suspension was added a portion of the diazonium salt dissolved in minimal aoetonttrila The 

15 resulting mixture was sflrrad while residing within the chamber of a photochemical reacfion 
apparatus, with an excitation wavelength of ca. 254 nm (an ultraviolet light source). The light source 
for the photochemically induced reaction may be any wavelength, and typically is an ultraviolet or 
visable wavelength. This reaction is reflected in Figure 15. The resultant material was similar in all 
respects to SWNT-2 that was prepared by the electrochemical technique of the present Invention. 

20 This experiment further confinned that reaction of the diazonium salt leads to covalent 

attachment to the nanotube. 

Controlled, Site-Spedfic FunctlonaHzatlon of CaitKwi Nanotubes with Dtezdnlum Species 

By utilizing the electrochemically Induced reaction of the present Invention, control can be 
exerted to derivatize the nanotubes at specific ^es. Existing technologies (M.S. Fuhrer, eta/., 

25 ^'Crossed Nanotube Junctions" Sctence, 288, 21 April 2000, page 494; Yu Huang, eta/., "Directed 
Assembly of One-Dimensional Nanostructures into Fun^nal Networks" SdSence, 291, 26 January 
2001, page 630; Yi Cul, et al "FuncUonal Nanoscale Eledronics Devices Assembled Using Silicon 
Nanbwire Building Blocks" Sconce, 291, 2 Febniary 2001, p 851) can be used to prepare a 
crossbar architecture of nanotubes, wherein one nanotube is fixed to a substrate and a second 

30 nanotube is suspended a finite distance above. Both nanotubes can be individually addressed 
electrically. Application of opposite potentials to the two tubes causes the top tube to detomi and 
essentially come Into contact with the lower tube. ''Contact" as used herein means both actual 
physrcal contact, but also proximity of the entities within an infinttesimally small distance (refenred to 
as van der Wails contact), in whteh the entities may influence each other on a molecular and 

35 electronte scale. 

This defomnation results in two features of slgnifteance. First, the top tube Is phystealiy 
defonned, leading to a potentially h^her chemical reactivity at the point of deformation, based on 
cunent understanding of the effects of cunrature strain on reactivily. This feature wouM altow 
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selective functionalization at the junction via the electrochemical technique of reaction v^ith 
diazonium salts. Secondly, higher potential is achieved at the point of ''cross'' iDetyiveen the tubes. 

In the present invention, directed funcHonalization of the cro8sed-nanotut>e junctions can be 
perfonmed by applying a potential to the ends of the nanotubes (as is known in the art) in the 
presence of a,a)-bis(diazonium) salts or mono-diazonium salts with an interacting group at the 
opposite end would penmit functionalization at the cross point doniain. 

Any cross bar anray of nanotubes could be functionalized by such processes. For instance, a 
crossbar architecture of nanotubes will be prepared by fluid flow over a patterned substrate, or by 
direct tube growth between posts, or by some other method. Furthennore, the diazoniiim salt 
assembly described here could occur in a diazonium solution, with voltages on orthogonal tubes, 
regardless of the assembly method for the tube arrays. Application of potentials to the nanotubes in 
the presence of diazonium salts would penmit functionalizafion at the cross point domain. 

The diazonium species are directed by the potential existing at the Junction to react wHh the 
surface of the nanotube, thus placing functional molecular devices at the Junctions. Site-spedfic 
functionalization could enable the use of nanotubes in molecular electronic applications since device 
functionality Is critical at the cross points. The crossed nanotubes therefore provide a method of 
directly addressing the functionalized molecules, Including molecules that function as molecular 
switches, molecular wires, and in other capacities and uses as is generally known in the art 

Furthemnore, this process would aikiw for attachment of different molecules to nanotube cross 
points, /.e., oontrolled attachnrtent of two or more different chemical functtonaRties to different 
tocations on nanotubes. This would be perfonned by applying a potential at a specified set of 
positions while in a solution of a first diazonium salt , then moving to a solution of a second 
diazonium salt and applying a potential at otha- positions, etc. In addition, ^e specific 
functionalization will allow individual molecules or groups of molecules to be electrically addressed 
by metallic contact pads or otiier contact means as are known In the art Just such a molecule of 
electronic interest is Incorporated into SWNT-8. 

Application off chemically modified carbon nanotubes in nolvmer composi te materials 

Polymer and polymer/composite materials are widely used for stnictural materials and a 
variety of other applications. The derivatized cari3on nanotubes made using the processes 
disclosed herein can be used in combination witii existing polymer matrices to create new 
pdymer/composlte materials. In general, possible composite materials qould be made witti 
chemfcally modified nanotubes and tiientioplastics, tiienmosets, elastomers, and ottiers. There are 
a multitude of variations in ttie chemical structure of the polymer matrix, /.e. polyethylene, various 
epoxy resins, polypropylene, polycarironate etc. There is also a host of variations possible in the 
c^iemteal groups tiiat can be attached to ttie nanotubes. According, It is possible to select a specifte 
polymer and specific moiety to enhance ttie properties of ttie particular polymer/composite matBri^l 
desired. 

Thus, the polymer/composite material will have significantly enhanced properties, such as, for 
example, enhanced strength and/or conductivity. And, when modified witti suitable chemical groups, 
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the nanotubes will be chemically compatible with the polymer matrix, allowing transfer of the 
properties of the nanotubes (especially mechanical strength) to the properties of the composite 
material as a whole. Typically, to achieve this, the modified carbon nanotubes can be thoroughly 
mixed (physically blended) with the polymeric material, and allowed to react at ambient or elevated 
temperature. 

Theimosets. it may be desired to torn a polymer/oomposite material in which the carbon 
nanotubes are chemically bound at multiple points to the polymer (themrK>sets)» For example, this 
can be done, for example, utilizing an epoxy resin. Epoxy resins are typically composed of two 
portions that are mixed in a certain ratio. The resulting mixture then hardens, or "cures," over a 
period of time into an adhesive or structural material. The two parts are the epoxy portion (labeled 
"A" in Figure 16, in this case derived fipom the reaction of bisphenol-A with epichlorohydrin) and the 
curing agent (labeled "B" in Figure 16). The curing agent contains chemical groups that react with a 
repeatedly occuning chemical group In the epoxy portion. I.e., the cured or cross-linked resin 
results from the reaction of A (specifically, the terminal epo}dde functionalities) wRh B (specifically, 
the tenminal amine funcSonaltties). Because both the epoxy portion and the curing agent contain 
numerous reactive groups, a "cross-linked" material is created, with numerous chemical bonds that 
impart strength to the cured material (labeled X" in Figure 16). The result of the reaction is a highly 
cross-linked thermoset material. 

A wide variety of commercially available epoxy components exist, where the chemical 
structure of both parts A and B can vary greatly. For ^(ample, curing agents may be based on 
diamines, polymercaptans, phenoi containing materials, eta, and may be polymeric. The additton of 
chennicaDy modified carbon nanotubes to this type of system will greatly increase the strength of the 
resulting material, due to the strength of the nanotubes themselves. The nanotubes can be 
chemk:ally modified with gmups that are compatible with either the epoxy portion or the curing agent 
portion. For example, modified nanotut)es can be prepared as shown in Figure 17. (In the figures, 
the shaded cylinder represents the carbon nanotubes). 

Carbon nanotubes thus modified will be thoroughly mbced with either the curing agent portion 
or the epoxy portion^ The resulting material wlB then be thoroughly mfoced with the second portton 
and allowed to react; or cure at either ambient or elevated temperature, depending on the particular 
system. The resulting composite material will then be cross-linked not only by the curing agent, but 
also by the modified carbon nanotubes, via, for example, aryMhioether linkages, as shown in Figure 
18, where the freehand lines schematteally represent the polymer matrix. 

These types of materials can be prepared using a variety of modified carixm nanotubes, 
exemplified by the ^mples In Rgure 17. Thus, the linkages between the polymer matrix and the 
nanotubes oouki be ether, thtoether, amine, salt bridge (such as SWNT-11 In an amine containing 
host polymer) or other linkages. It Is understood that the direct chemical bond between the 
nanotubes and the surrounding polymer matrix will enable the transference of the strength 
properties of the nanotubes to the composite material itself. It is also noted that enhancement of the 
material properties by the nanotubes may be caused by factors other than such direct. chernk^al 
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bonding; for example. Improved dispersion of the nanotubes within the polymer matrix, enabled by 
the functionalization. may allow enhancement 

In addition to the chemical bond between the nanotubes and the sunnounding polymer matrix, 
in the case of thiophenol derivatized nanotubes, there will be a chemical interaction between the 
nanotubes themselves. The fonnation of disulfide linkages between nanotubes, as shown in Figure 
19. will serve to further strengthen the material The disulfide linkages can be further reduced 
(chemfcally. for instance) to once again provide the non-crosslinked tubes. Hence, this is a stealth- 
like crosslinking. In feet, such cross-linked nanotubes will represent an enhanced strength material 
in their own right for some applications. 

Anotiier possibility is modification of carbon nanotubes with chemical groups that are 
compatible wRh the epoxy portion rather than the curing agent portton. such as, for example, shown 
In Figure 21. The material resulting from the incorporation of nanotubes derivatized in this manner 
would again be a chemically bound, three-dimenstonal networic, cross-linked by both the curing 
agent and the chemically modified nanotubes. 

Other specific chemical interactions between modified carbon nanotubes and a polymer 
matrix are also possible. For example, a system based on a hydrogen bonding Interaction is shown 
in Figure 22. This type of interaction would be in an extended three-dimensional networic, again 
imparting the strength of the nanotubes to the composite material. 

Utilizing the electrochemk:al process described In this invention, the derivatized nanotubes 
reflected in Rgure 20 were prepared. From this, what is believed to be a step of deprotedton of the 
thiol was peribrmed by treatment with trifiuoroacetic acid in 1,2-dichlorobenzene (acid hydrolysis). 
Alternatively, this step could be perionmed by treatment with trifluoroacetk: add in 
dimethylformamide, or by themriolysis at or about 175**C. Again, the functionallzed nanotubes 
fomied as reflected in Rgure 20 would chemk:aUy react with, for example an epoxy resin, with the 
free thiol group (SH) acting as a crossBnking agent 

Thermoplastics, in additton to thermosets, derivatized nanotubes can be utilized for 
thermoplastics. As( in the case of thamosete, the derivatized nanotubes may or may not be 
chemically bound to the polymer matrix. It is understood that a modest degree of chemical 
attachment between the derivatized nanotubes and the polymer matrix could be tolerated, while 
retelning the thennoplastk: properties (spedficaily, the ability to heat and refonn the material without 
significant degradation). As noted above, physical blending of the cartoon nanotubes with the 
polymer can be enhanced by the derivatizatk>n process (spedfteally by making the nanotubes more 
compatibte with, or more sduble in, the host polymer). 

For hstance, a polymer/composite nriaterial oonteining pure (and underivatized) singie^ll 
carbon nanotubes may be desired so that the polymer would have certain enhanced conductive 
properties; however, the pure and underivatized carbon nanotubes may not suffidentty disperse in 
tiie polymer. By derivatizing tiie nanotubes witti a particular moiety, ttie derivatized nanotubes could 
then be dispersed adequately. Because the derivatization of tiie nanotube may likely have affected 
the conductivity of the nanotube (and will ttius efled tiie conductivity of tiie polymer/composite), it 
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may be desirable to reverse the derivatization process to remove the functional groups from the 
nanotubes after dispersal. In this manner, the conductivity of the material can be recovered. This 
can be done by any process that reverses the derivatizatton, such as raising the temperature of the 
polymer/composite material to a temperature at which the fiincGonal group disassociates. Typically, 
this temperature appears to be at least about 250^0. 
A. Example Nos. 19-25 

Moreover, the thenmoplastic may also be fomned utilizing the derlvatized carbon nanotube. 
The functional groups, while not necessarily chemically bond to the polynrter. would be physical 
extensions from the tube (like branches from a tree) that will afford additional strength to the 
polymer/composite materials. This enhancement may be due to a roughening effect on the 
nanotube surfoce, increasing friction and reducing sliding of the polymer matrix along the nanotube 
length. As is understood in the art, such as an effect would further enable transference of the 
desirable nanotube properties to the composite material. 

Utilizing processes discussed above the foliowing functionalized single-wall catbon 
nanotubes where prepared where n » 1ln 20 to 1 in 40 functional groups per nanotube carbons): 




17 

This derivatized material (17) was dispersed in High-Impact-Polystyrene (HIPS) at various 
concentrations. Tensile strength, tensife modulus, and % strain to failure data of the resulting 
composite material were then gathered. The resutte of these examples are reflected in Table 3. 

Tables 





TensBe 


Tensile 


% Strain 


Material 


Strength (MPa) 


Modulus (MPa) 


to Failure 


HIPS (pure) 


1R1 


454.5 


56.4 


1wt%17 


^5 


729.3 


4.6 


3\wt%17 


17.8 


821.3 


2.2 


3wt%pristtne* 


22.8 


560.0 


11.0 


5wt%17 


26.3 


736,5 


3.9 


7wt%17 


22.0 


724.4 


3.1 



^ wL %, unfuncdonalized nanotubes (SWNT-p), for direct comparison 



On the whole, there is a substantial improvement in the tensile properties of the 
polymer/composite materials with the funcHonalized nanotubes. There is improvement over both the 
prisfine HIPS polymer, and over the composite of HIPS and unfundionafized nanotubes. 

Poiymerization. Furthermore, a polymer that includes carix>n nanotubes can be fomted by 
derivatizing the carix)n nanotubes with a functionat group that is capable of polymerizing or initiating 
a polymerization. Once tiie functional group Is attached, standard polymerization techniques can 
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then be employed to grow ttie polymer ftom the functional group in situ, /.e., the functional group 
attached to the nanotube could be used as a generator of polymer growth. Such standard 
polymerization techniques could be any of the standard known types, such as radical, cationic, 
anionic, condensation, ring-opening, methathesis, or ring-opening^netathesis (ROMP) 
polymerizations, when appropriate groups are bound to the nanotubes. For instance, Rgure 23 
reflects an example of a cartwn nanotube that has been derivatized with a functional group 4- 
aminophenyl that is subsequently polymerized with styrene to grow the polymer from the functional 
group. Accordingly, the functional group attached to the nanotube would be a chemically active part 
of the polymerization, which would result In a composite materid In which the nanotubes are 
chemically involved. 

All of the compositions and methods disclosed and claimed herein can be nrade and executed 
without undue experimentation In light of the present disclosure. While the compositions and 
methods of this invention have been described in tenns of prefen^ed embodiments, it will be 
apparent to those of skill in the art that variations may be applied to the compositions and methods 
and in the steps or In the sequence of steps of the method described herein without.departing from 
the concept, spirit and scope of the invention. More specifically, It will be apparent that certain 
agents vifhich are both chemteally and physiologically related may be substituted for the agents 
described herein while the same or similar results wouW be achieved. All such similar substitutes 
and modifications apparent to those skiiied In the art are deemed to be within the spirit, scope and 
concept of the invention as defined by the appended claims. 
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CLAIMES : 

1 . A method for derivatizlng sidewalls of carbon nanotubes comprising: 

(a) selecting a plurality of carbon nanotubes; and 

(b) reacting the plurality of carbon nanotubes with a diazonium specie. 
5 2. A method comprising: 

(a) selecfing a plurality of carbon nanotubes; 

(b) reacting the plurality of cartson nanotubes with a diazonium specie to fbnn derivatized 
carbon nanotubes; 

(c) dispersing the derivatized cart)on nanotubes in a solvent 

10 3. A method for derivatizlng single-wall cari^on nanotubes comprising: 

(a) selecting an assembly of single-wall cart>on nanotubes; 

(b) immersing the assembly In a solution comprising a diazonium specie; and 

(c) applying a potential to the assembly to eiectrochemicaily react the assembly with the 
diazonium spede. 

15 4. A method for derivatizlng slngle^all carbon nanotubes comprising: 

(a) selecting a plurality of single-wall carbon nanotut)es; 

(b) prefomning a diazonium specie; and 

(c) reacting the plurality of single-wall cart>on nanotubes with tiie prefonned diazonium 
specie. 

20 5. A method for derivatizlng single-wall carbon nanotubes comprising: 

(a) selecting a plurality of slnglemvall caiton nanotubes; 

(b) mixing a precursor of a diazonium specie with the plurality of isingl&wail carbon 
nanotubes; 

(c) generating the diazonium specie; and 

25 (d) reacting the plurality of single-wall carbon nanotubes with the diazonium spede. 

6. The method of daims 1 or 2, wherein the plurality of cari3on nanotubes comprise single-wali 
carbon nanotubes. 

7. The method of claims 3, 4, 5, or 6, wherein the single^ll cart)on nanotubes have an average 
diameter of at most about 0.7 nm. 

30 8. The method of daims 1 , 2, or 4, wherein the plurality are electrochemically readed vrith the 
diazonium specie. 

9. The method of daims 1 or 2, wherein the plurality are themiaify reacted with the diazonium 
spede. 

10. The method of daims 5 or 9, wherein the diazonium specie is generated in aau. 

35 11 The method of daims 1 or 2, wherein the diazonium specie is pr^rmed before the plurality 
are thermally reacted with the diazonium specia 

12. The method of daims 1, 2, or 4, wherein the pluralily are photochemicaiiy readed with the 
diazonium spede. 
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13. The method of claims 1, 2, 3, 4, or 5. wherein the diazonium specie comprises an aryl 
diazonium specie. 

14. The method of claims 1, 2, 3. 4, or 5, wherein the diazonium specie comprises a specif 
selected fi-om the group consisting of an alkyi diazonium spede, an alkenyl diazonium specie, an 

5 alkyny diazonium specie, and combinations thereof. 

15. The method of claims 1 , 2, 4, or S, wherein the plurality Is an assembly of carbon nanotubes. 

16. The method of claim 1. 2. 3. 4. or 5 wherein the assembly is selected from the group 
consisting of a bucky paper and a mat 

17. The method of claims 1 , 2, or 4 further comprising: 

10 (a) immersing the assembly in a solution comprising the diazonium specie; and 

(b) applying a potential to the assembly. 

18. The method of claims 3 or 17, wherein the potential Is a negative potential. 

ig. The method of claims 3 or 17, wherein the solution further comprises a supporting electrolyte 
specie. 

15 20. The method of claims 1, 2. 3, 4. 17, or 18, wherein the step of applying a potential to the 
assembly comprises holding the assembly with an alligator clip treated with a colloidal silver paste. 

21. The method of claims 1, 2. 3, 4, or 5. wherein the diazonium specie comprises a diazonium 
salt 

22. The method of daim 21 , whereni the diazonium salt comprises a salt selected from the group 
20 consisting of an aryi diazonium salt, an alkyi diazonium salt, an alkenyl diazonium salt, an alkyny 

diazonhim salt, and combinations thereof. 

23. The method of daims 1, 2, 3, 4, or 5 further comprising sonicating the derivatized carit)on 
nanotubes. 

24. The method of daims 1, 2, 3, 4, or 6, wherein the amount of a moiety bonded to the cartoon 
25 atoms of a caibon nanotube is at a moiety to cartxMt ratto at least about one moiety to forty cartx>n 

atoms. 

25. The method of claims 1, 2, 3, 4, or 5, wherein the amount of a moiety bonded to the carbon 
atoms of a carbon nanotube is at a moiely to cart>on ratto at least about one moiety to thffty caxboa 
atoms. 

30 26. The method of claims 1 , 2, 4. or 5, wherein the reaction is a thermal reaction at a temperature 
of at most about 200''C. 

27. The method of daims 1 , 2. 4, or 5, wherein the reactton is a thermal reaction at a temperature 
of at most about 60 ^C. 

28. The mefliod of daims 1 , 2, 3, 4, or 5 further comprising r^noving functional moieties from the 
35 derivatized cart}on nanotubes. 

29. The method of daim 28, wheroin the removal step comprises heating tiie derivatized cart>on 
nanotubes. 

30. The metiiod of daim 29, wherein the derivatized cart)on nanotubes are heated to a 
temperature at least about 25(fC. 
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31. The method of claim 29. wherein the derivatized carbon nanotubes are heated to a 
temperature at ieast about 600^C. 

32. The method of claims 1, 2, or 4 further comprising photochemically reacdng the plurality of 
single-wall carbon nanotubes and the diazonium spade. 

33. The method of claim 32. wherein the photochemical reaction comprises the use of an 
ultraviolet light source. 

34. The method of claim 32, wherein the photochemical reaction comprises the use of a visible 
light source. 

35. The method of claim 5, wherein the precursor of diazonium specie is an aniline derivative 
precursor of the diazonium specie and the diazonium specie is generated with a nitrite. 

36. A product made by the process comprising: 

(a) selecting a plurality of carix)n nanotubes; and 

(b) reacting the plurality of cmbon nanotubes with a dia2K>nium specie. 

37. A product made by the process comprising: 

(a) selecting a plurality of cart)on nanotubes; 

(b) reacting the plurality of carbon nanotubes with a diazonium specie to form derivatized 
carbon nanotubes; 

(c) dispersing the derivatized cartK>n nanotubes in a solvent 
38.. A product made by the process comprising: 

(a) selecting an assembly of singleArall cartscm nanotubes; 

(b) immersing the assembly in a solution comprising a diazonium specie; and 

(c) applying a potential to the assembly to electrochemically react the assembly with the 
diazonium specie. 

39. A product made by the process comprising: 

(a) selecting a plurality of single^ll cari)ori nanotubes; 

(b) prefonning a diazonium specie; and 

(c) reacting the plurality of slngle^ll cart)on nanotubes with the preformed diazonium 
specie. 

40. A product made by the process comprising: 

(a) selecting a plurality of single-wall cartoon nanotubes; 

(b) mbcing a precursor of a diazonium specie with the pluralr^ of single-wall cartion 
nanotubes; 

(c) generating the diazonium specie; and 

(d) reacting the plurality of singlewall cartx)n nanotubes with the diazonium spede. 

41. The product of dalms 36 or 37, wherein the plurality of carbon nanotubes comprise single-wait 
carl>on nanotubes. 

42. The product of claims 38, 39, 40, or 41, wherein the singie^ll caril)on nanotubes have an 
average diameter of at most about 0.7 rim. 
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43. The product of claims 36. 37. or 39 wherein the plurality are electrochemicaHy reacted with the 
diazonium specie. 

44. The product of claims 38 or 37. wherein the plurality are thermally reacted with the diazonium 
specie. 

45. The product of daims 40 or 44, wherein the diazonium specie is generated in situ. 

46. The product of claims 36 or 37, wherein the diazonium specie is preformed before the plurality 
are thennally reacted with the diazonium specie. 

47. The product of claims 36, 37, or 39 wherein the plurality are photochemically reacted with the 
diazonium specie. 

48. The product of claims 36. 37. 38, 39, or 40, wherein the diazonium specie comprises an aryl 
diazonium specie. 

49. The product of claims 36. 37, 38, 39, or 40, wherein the dfezonium specie comprises a 
species selected from the group consisting of an alkyi diazonium specie, an aikenyl diazonium 
specie, an alkyny diazonium specie, and combinations thereof. 

50. The product of claims 36. 37. 39, or 40, wherein the plurality is an assembly of carbon 
nanotubes. 

61. The product of daim 36, 37, 38, 39, or 40, wherein the assembly is selected fifom the group 
consisting of a t>udcy paper and a mat 

52. The product of claims 36, 37, or 39 further made by the process comprising: 

(a) immersing the assembly in a solution comprising the diazonium specie; and 

(b) applying a potential to the assembly. 

53. The product of claims 38 or 52, wherein the potential is a negative potential. 

54. The method of claims 38 or 52, wherein the solution further comprises a supporting electrolyte 
specie. 

56. The product of claims 36, 37, 38, 39, 52 or 53, wherein the step of applying a potential to the 
assembly comprises holding the assembly with an alligator clip treated wfth a colloidal stiver paste. 

56. The product of claims 36, 37, 38, 39, or 40, wherein the diazonium specie comprises an a 

diazonium salt 

57. The product of claim 56, wherein the diazonium salt comprises a saft seteded from the group 
consisting of an aryl diazonium salt, an alkyI diazonium salt, an aikenyl diazonium salt, an alkyny 
diazonium salt, and combinations thereof. 

58. The product of claims 36, 37, 38, 39, or 40,further made by the process comprising sonicating 
the derivatized carixm nanotut>es. 

59. The product of claims 36, 37, 38, 39. or 40, wherein the amount of a moiety bonded to tt^e 
cartwn atoms of a cart)on nanotube is at a nrK)iety to cartwn ratio at least about one moiety to forty 
cari^n atoms. 

60. The product of claims 36, 37, 38. 39, or 40, wherein tiie amount of a moiety bonded to the 
cart>on atoms of a cart>on nanotube is at a mdety to carbon iraUo at least about one moiety to thirty 
carbon atoms. 
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61. The product of claims 36, 37, 39, or 40, wherein the reaction is a thermal reaction at a 
temperature of at most about 200°C. 

62. The method of claims 36. 37. 39. or 40, vrtierein the reaction is a thennal reaction at a 
temperature of at most about 60%. 

63. The product of claims 36, 37, 38, 39, or 40 further comprising removing tuncBonal moieties 
from the derivatized carbon nanotubes. 

64. The product of claims 36, 37, or 39 further comprising photochemically treating the mixture of 
the plurality of single-wall carbon nanotubes and the diazonium specie. 

65. The product of claim 64, wherein the photochemical treatment comprises the use of an 
ultraviolet light source. 

66. The product of claim 64, wherein the photochemical treatment comprises the use of a visible 
light source. 

67. The product of daim 40, wherein the precursor of the diazonium specie is an aniline derivative 
precursor of the diazonium specie and the diazonium specie is generated with a nitrite. 

68. A solution of smgle^tl cart)on nanotubes made by the process of: 

(a) a plurality of derivatized single-wall carison nanotubes, wherein the plurality of 
derivatized carbon nanotubes were derivatized utilizing a diazonium specie; 

(b) a solvent wherein the derivatized plurality of carbon nanotubes are dispersed in the 
solvent 

69. A process comprising: 

(a) derivatizing a caribon nanotubewith a diazonium specie; and 

(b) covatently attaching a molecular wire to the derivatized cart)on nanotuba 

70. A process comprising: 

(a) derivatizing a carbon nanotube with a diazonium specie; and 

(b) covalently attaching a molecular swHch to the derivatized carbon nanotube. 

71. The process of claims 69 or 70, wherein the cariK>n nanotut>6 is a single-wali cart>on 
nanotube. 

72. The process of claims 69 or 71 further oomprisfrig connecting a molecular electronic device to 
the molecular wire. 

73. The process of claims 69, 71 , or 72, wherein the molecular wire comprises an oligo(phenylene 
ethynylene) molecular wire. 

74. A product comprising: 

(a) derivatized carbon nanotube; and 

(b) a molecular wire covalently attaching to the derivatized cartoon nanotube. 

75. A product comprising: 

(a) derivatized carix)n nanotube; and 

(b) a molecular switch covalently attaching to the derivatized cariDon nanotube. 

76. The product of claims 74 or 75, wherein the cart)on nanotube is a singie^li carbon 
nanotube. 
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77. The product of claims 74 or 76 further comprising a molecular electronic device connected to 
the molecular wire. 

78. The product of claims 74, 76, or 77, wherein the molecular wire comprises an ollgo(phenylene 
ethynylene) molecular wire. 

5 79. Amettodfbrderivatizingcart)onnanQtubescompri^^ 

(a) preparing an assembly, wherein 

(i) the assembly comprtees a first plurality of cartoon nanotubes and a second plurality 
of cartoon nanotubes; and 

(ii) wherein the cart)on nanotubes in the first plurality and the carix>n nanotubes In the 
10 second plurality can be individually addressed electronically; 

(b) Immersing the assembly In a diazonium specie; and 

(c) applying a negative potential to the assembly to cause the first plurality to essentially 
come fai contact vMh the second plurality; and 

(d) electrochemically reacting the assembly with the diazonium specie. 
15 80. A method for derivatteingcartjon nanotubes comprising: 

(a) preparing an assembly of carbon nanotubes 

(b) immersing the assembly in a first diazonium specie; 

(c) applying a potential to the assembly in a first direction; 

(d) electrochemically reading the assembly with the first diazonium specie; 
20 (e) immersing the assembly in a second diazonium specie; 

(f) applying a potential to the assembly in a second direction; and 

(g) electrochemically reacting the assembly with the second diazonium specie. 

81 The method of claims 79 or 80, wherein the cartjon nanotubes of the first plurality comprise 
single-wall cart}on nanotubes and the cartjon nanotubes of the second plurality comprise single-wall 
25 cariDon nanotubes. 

82. The mefiiod of claims 79, 80, or 81, wherein the assembly is a crossbar architecture of carbon 
nanotubes. 

83. The method of claims 79. 80, 81, or 82, wherein the preparation of the assembly comprises 
fluid flow over a patterned suriace. 

30 84. The method of claims 79. 80, 81. or 82. wherein the preparation of the assembly comprises 
direct carbon nanotube growth between posts. 

85. The method of daims 79, 80, 81, or 82, further comprising connecting funcBonalized 
molecules to the assembly. 

86. The method of daim 85, wherein the fundionalized molecules comprise nrralecules that 
35 function in a capadty selected from the group consisting of molecular switches and molecular wires. 

87. The method of daims 79, 80, 81, or 82, further comprising operatively ooruiecBng molecular 
electronic devices to the assemt>ly. 

88. A produd made by the process comprising: 
(a) preparing an assembly, wherein 
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(i) the assembly comprises a first plurality of carbon nanotubes and a second plurality 
of carbon nanotubes; and 

(ii) wherein the carbon nanotubes in the first plurality and the carbon nanotubes in the 
second plurality can be individually addressed electronically; 

(b) immersing the assembly in a diazonium specie; and 

(c) applying a negative potential to the assembly to cause the first plurality to essentially 
come in contact wilti the second plurality; and 

(d) electrochemlcally reacting the assembly with the diazonium specie. 

89. A product made by the process comprising: 

(a) preparing an assembly of carbon nanotubes 

(b) immersing the assembly In a first diazonium specie; 

(c) apptying a potential to the assembly in a first direction; 

(d) electrochemicalty reading the assembty with the first diazonium specie; 

(e) immersing the assembly in a second diazonium specie; 

(f) applying a potantiai to the assembly in a second direction; and 

(g) electrochemlcally reacting the assembly with the second diazonium specie. 

90. The product of claims 88 or 89, wherein the carbon nanotubes of the first plurality comprise 
single^ll carison nanotubes and the carbon nanotubes of the second plurality comprise slngle^l 
carix)n nanotubes. 

91 . The product of claims 88, 89, or 90, wherein the assembly is a crossbar architectuie of cariDon 
nanotubes. 

92. The product of claims 88, 89, 90, or 91, wherein the preparation of the assembty comprises 
fluid flow over a patterned surfece. 

93. The product of claims 88, 89, 90. or 91, wherein the preparation of the assembly comprises 
direct carbon nanotube growth between posts. 

94. • The product of daims 88, 89, 90, or 91, wherein the process further comprises connecting 
functionaiized molecules to the assembly. 

951 The product of claim 94, wherein the functionaiized molecules comprise molecules that 
function in a capadty selected flrom the group consisting of moIeculeH- switches and molecular wires. 

96. The produd of claims 88, 89, 90, or 91, wherein the process further comprises operattvely 
connecting molecular electronic devices to the assembty. 

97. A method for making a potymer material comprising: 

(a) derivatizing carbon nanotubes with functional moieties to fbnn derivati^ caxbon 
nanotubes, wherein the functional moiefies are derivatized to the cart)on nanotubes utilizing a 
diazonium specie; 

(b) dispersing the derivatized cartoon nanotubes in a polymer. 

98. The method of claim 97, wherein the cari^on nanotubes are singl&Avall carbon nanotubes. 

99. The method of daims 97 or 98, wherein the functional moieties are chemically bound to the 
polymer. 
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100. The method of cfaims 97 or 98» wherein the functional moieties are not chemically bound to 
the polymer. 

101. The method of claims 97 or 98, wherein the functional moieties are removed after the 
dispersing step. 

102. The method of daim 101, wherein the removal step comprises heating the dispersal of the 
derivatized carbon nanotubes and the polymer to a temperature at least about 250^0. 

103. The method of daim 101. wherein the removal step comprises heating the dispersal of the 
derivatized cartoon nanotubes and the polymer to a temperature at least about 600°C. 

1 04. The method of claims 97 or 98, wherein the ftjnctional moiety is operable to react with a curing 
agent 

1 05. The method of claims 1 04, wherein the polymer comprises the curing agent 

106. The method of claim 104, wherein the curing agent is dispersed in the dispersal of the 
derivatized cartxm nanotubes and the polymer. 

107. The method of dalms 104, 105, or 106. wherein the curing agent comprises an agent selected 
from the group consisting of diamines, polymercaptans, and phenol containing materials. 

1 08. The method of dalms 97 or 98, wherein the functional moiety is operable to react with a epoxy 
portion. 

109. The method of dalms 1 08, wherein the polymer comprises the epoxy portion. 

110. The method of claims 104, 105, 106. 107, 108, or 109 further comprising curing the dispersal 
of the derivatized carbon nanotubes and ttie polymer. 

111. A polymer material comprising: 

(a) derivatized carbon nanotubes, wherein the derivatized carbon nanotubes comprise a 
diazonlum species moiety; and 

(b) a polymer, wherein the derivatized carbon nanotubes are dispersed in 8ie polymer. 

112. A polymer material comprising: 

(a) derivatized catt>on nanotubes, wherein tiie derivatized carbon nanotubes were 
derivatized utilizing a diazonlum species; and 

(b) a polymer, wherein the derivatized cart)on nanotubes are dispersed in ttie polymer. 

113. A polymer material made by the process comprising: 

(a) derivatizing cart>on nanotubes witti functional moieties to fbnri derivatized cartxHi 
nanotubes. wherein tiie functional moieties are derivatized to the carbon nanotubes utilizing a 
diazonlum spede; 

(b) disperdng the derivatized cartx>n nanotubes in a polymer. 

114. The polyrher material of claims 111, 112, or 113, wherein the carix)n nanotubes are single- 
wall cari^on nanotubes. 

115. The polymer material of dalms 111, 112, 113, or 114, wherein tiie lunctional moieties are 
chemically bound to the polymer. 

116. The polymer material of claims 1 1 1 , 1 12. 1 1 3, or 1 14. wherein the functional moieties are not 
chemically bound to the polymer. 
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117. The polymer material of daims 111, 112, 113, or 114. wherein the functional moiety is 
operable to react with a curing agent 

118. The polymer material of claims 1 17, wherein the polymer comprises the curing agent 

119. The polymer material of dalm 117, wherein the curing agent is dispersed in the dispersal of 
the derivatized carbon nanotubes and the polymer. 

120. The polymer materia of clainr)s 117, 118, or 119, wherein the curing agent comprises an agent 
selected from ttie group consisting of diamines, polymercaptens, and phenol containing materials. 

121. The polymer material of daims 111, 112, 113, or 114, wherein the functional moiety is 
operable to react with a epoxy portion. 

122. The polymer material of daims 121, wherein the polymer comprises the epoxy portion. 

123. The polymer material of daims 117, 118, 119, 120. 121, or 122, wherein the process further 
comprises curing the dispersal of the derivatized cart)on nanotubes and the polymer.^ 

124. A method for making a polymer material comprising: 

(a) d^rivatlzing catbon nanotubes with functicnial groups to form derivatized catbon 
nanotubes, wherein 

(i) the functional groups are derivatized to the cartoon nanotubes utilizing a diamnium 

spedeand 

(ii) the functional groups are capable of polymerizing; and 

(b) polymerizing ttie derivatized cart>on nanotubes to grow polymer from the functional 
groups. 

125. The method of daim 124, wherein the carbon nanotubes are single-wall carbon nanotubes. 

126. The method of daims 124 or 125, wherein the polymerization step comprises a technique 
seleded from the group consisting of radical, cationic, anionic, condensation, ring-opening, 
methathesis, and ring-opening-metathesis (ROMP) polymerizations. 

127. A polymer material made by the process comprising: 

<a) derivatizing carix>n nanotubes with tlunctional groups to form derivatized carbon 
nanotubes, wherein 

(i) the functional groups are derivatized to Uie cartxm nanotubes utilizing a diazonium 

spede and 

(ii) the functional groups aro capable of polymerizing; and 

(b) polymerizing ttie derivatized caribon nanotubes to grow polymer from the functional 
groups. 

128. The pdymer material of dalm 127, wherein the carix)n nanotubes are single-wall carison 
nanotut>es. 

129. The polymer material of daims 127 or 128, wherein tiie polymerization step comprises a 
technique selected from ttie group consisting of radical, cationic, anionic, condensation, ring- 
opening, metiiatiiesis, and ring-opening-metatiiesis (ROMP) polymerizations. 



31 



wo 02/060812 



Hgurel 

1 2 




8 

9 

11 

H00C-^-H»*BF4 
12 



lot 12 



wo 02/060812 



PCTAJS02/02562 



Figure 2 



13 



14 

15 



a) TosCI, H2O, THF b) 4-nltrophenol. 
DMF, K2CQ3 c) H2, Pd/C d) NOBF4, 
CH3CN 



Boc^ 
DMAP 



e-auONO 

THF 10 

BFaPBfe 



,S-^-N2*BF4 



11 



2 of 12 



wo 02/060812 



Figure 3 




0.0 1 — * — I — i — I — » — I — • — I — ' — I — ■ — 
400 600 800 1000 1200 1400 1600 

Wavelength (nm) 



Figure 4 




' I ■ I ' ' 4 ■ I 



Figures 




^ * I I-"- "I ■ I" W i^m mm mm 

m m m 1229 i57s utos 



3of12 



wo 02/060812 



PCT/US02/02562 



Figure 6 





6000- 




4000- 




2000- 






-as 

s 


o4 




6000- 




4000- 




2000- 




100 125 150 175 200 225 250 275 300 
Shift (cm-1) 



ngure7 




2SG0 mo t500 
WyvenumtafirCfinf^ 



3000 2900 2000 1S» 
r<iB8r1) 



4of12 



wo U2/U6U812 



Figure 8 

105 1 




0 100 200 300 400 500 600 700 

Temperature (^C) 

Hgure 9 



16000- 

12000- 

8000- 

4000- 

0: 
2400- 

1800- 

1 1200- 
c 

eoo- 

0- 
24000- 

16000- 

8000- 

0- 






L 








1 1 « 1 • 1— 





Shift (on*) 
5of12 



WO02/0<>0812 



PCTArS02/02562 



Hgure 10 




6of12 



wo 02/060812 



FCi7U5UZ/02»62 



SWNT+ll 



Figure 12 

l^-dichlorobenzene 
CH3CN.2:1 
60**C, 12h 

16, R»CI 

17, R = fe/f-butyl 

18, R^COaCHa 

19, R-N02 

20, RaCOOH 



/ 



FigurolS 




600 900 1200 1500 
Wavelength (nm) 



7 of 12 



wo 02/060812 



PCTAJS02/02562 



Figure 14 



I 



40000 
32000 - 
24000 - 
16000- 



8000 - 



18000- 



12000- 




500 1000 1500 2000 
Shift (cm-l) 



N2*BF4 

(jj + SWNTS 
CI 



Figure 15 



1 ^-cGchiorobenzene 
acetofdtrile 



UV light 



(0 



80f12 



wo 02/060812 



Figure 16 



= CH3/=v 



/— \ CH3 /=\ OH /=\ 9^3 /^^^ 

R-Oh(^9-^^0-CH2-CH-CH2 0-^JKC--^^ + H2N-R'-NH2 

CH3 CH3 



B 



H 

R=H2C-CHCH2 
O 



heat 



cured epoxy (thermoset) resin 



Figure 17 



6 



phenol dsrivaUzednanotubes OitoplienoiderivaSzBdnanalubes 




^ -* — *^ -* ■ — • — ■ - - 
aipiBR BBtllOl OeiMSB^ 



9 of 12 



wo 02/060812 



PCT/US02/02562 



Figure 18 




10 of 12 



FCT/US02/02562 



Figure 20 




1,2<lichtorobenzene 

aoetonttiild 

heat 




trifliMMDaoetic acid 
i;2-<fichIort)enzene or dlmethylfbrmamide 
or 

heating at or near 175 




11 Of 12 



wo 02/060812 



PCT/US02/02562 



HO2 



Figure 21 

NO2 



NH2 



pyrfdino [| 



10%PdrC(<teadivatod) 



r 



K0BF4 

CHjCN 



-IV 
CHsCN 

SWNTs 



Mixad with epoov or oOier 



CuiBd ttwiinoset fMin IniMMchBiodoifwsdzBd 
nanohAos CKt w 8 orossKfddng BflBrtk by oh0iiilc&l 
PBflcUon with tho po^fmor nuMx 



Rgure22 





Hgure23 



-NHo 




191 



12 of 12 



